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At presynaptic active zones, exocytosis of neuro-
transmitter vesicles (SVs) is driven by SNARE
complexes that recruit Syb2 and SNAP25. However,
it remains unknown which SNAREs promote the
secretion of neuronal proteins, including those
essential for circuit development and experience-
dependent plasticity. Here we demonstrate that
Syb2 and SNAP25 mediate the vesicular release of
BDNF in axons and dendrites of cortical neurons,
suggesting these SNAREs act in multiple spatially
segregated secretory pathways. Remarkably, axonal
secretion of BDNF is also strongly regulated by
SNAP47, which interacts with SNAP25 but appears
to be dispensable for exocytosis of SVs. Cell-auton-
omous ablation of SNAP47 disrupts the layer-spe-
cific branching of callosal axons of projection cortical
neurons in vivo, and this phenotype is recapitulated
by ablation of BDNF or its receptor, TrkB. Our results
provide insights into the molecular mechanisms
of protein secretion, and they define the functions
of SNAREs in BDNF signaling and regulation of
neuronal connectivity.INTRODUCTION
Neurons activated during experience may nearly simulta-
neously release fast neurotransmitters and diffusible polypep-
tides from distinct membrane-trafficking organelles. Synaptic
neurotransmitter vesicles (SVs) reside at axon terminals
and undergo exocytosis at highly compartmentalized active
zones, whereas peptidergic vesicles are broadly distributed
in axons and dendrites (Dean et al., 2012; Su¨dhof, 2013).
The core presynaptic release machinery includes SNAREs,
synaptobrevin/VAMP2 (Syb2), SNAP25, and syntaxin1, whose
assembly into ternary complexes primes SVs for rapid exocy-1054 Cell Reports 11, 1054–1066, May 19, 2015 ª2015 The Authorstosis and overcomes the energy barrier for their fusion with
the plasma membrane (Schoch et al., 2001; Su¨dhof and Roth-
man, 2009; Wojcik and Brose, 2007). These SNAREs play
similar roles in the release of catecholamines from dense
core vesicles (DCVs) in chromaffin cells and promote mem-
brane fusion in vitro (Giraudo et al., 2009; Sakaba et al.,
2005; Sørensen et al., 2003b), which supports the hypothesis
that SNAREs universally control secretion. Surprisingly, the
contribution of SNAREs to secretion of neuronal proteins is
largely unexplored. Moreover, invertebrate and vertebrate ge-
nomes have relatively few VAMPs and SNAPs, which raises
the following question: to what extent are individual SNARE
isoforms shared in a given neuron between organelles with
different content?
These gaps in knowledge of the basic aspects of membrane
trafficking present a challenge for understanding the mecha-
nisms of experience-dependent plasticity at molecular and
circuit levels. For example, experimental evidence suggests
that both neurotransmitters and peptides may influence axon
branching and patterning of synaptic networks of various neuron
classes (Bloodgood et al., 2013; Cao et al., 2007; Cheng et al.,
2011; Kerschensteiner et al., 2009; Pieraut et al., 2014; Wang
et al., 2007; Yu et al., 2004). Yet, virtually all contemporary
methods for pharmacological, genetic, or optogenetic control
of network activity in live animals likely affect secretion in a
non-selective manner, making it difficult to define the impacts
of specific cues on neural circuit structure, function, and, ulti-
mately, animal behavior. Likewise, cleavage of Syb2 with genet-
ically encoded tetanus toxin (TeNT) has become a popular
approach for blocking exocytosis of SVs (Kerschensteiner
et al., 2009; Pieraut et al., 2014; Wang et al., 2007; Yu et al.,
2004), but it remains unclear how TeNT affects other vesicle
types. Although these problems can be partially overcome by
ablating neurotransmitter or peptide-specific receptors, such
strategies have a limited use for the identification of cellular
sources of release.
The brain-derived neurotrophic factor (BDNF) has emerged
as one of the key diffusible signals that is essential for axon
growth, synaptogenesis, remodeling of mature synapses,
learning, and memory (Lu et al., 2013; Park and Poo, 2013).
Figure 1. Intracellular Trafficking and Exocytosis of BDNF Vesicles
(A)DIV15neuronsexpressingBDNF-pHluorin froma lentiviruswere labeledwith antibodies toGFP (asaprobe forBDNFconstruct) andmarkersof either peptidergic
(Sec2, top) or neurotransmitter vesicles (Synapsin1, bottom left). MAP2 labels dendrites. (Bottom right) Kymograph from time-lapse imaging of live neurons
co-expressing BDNF-GFP and reporters of presynaptic terminals and dendritic spines, tdTomato-SV2A and EBFP2-Homer1c. See also Figures S1 and S2.
(B) Schematic shows reporter de-acidification during vesicle fusion with the plasma membrane.
(C) A protocol for quantitative analysis of exocytosis.
(D and E) Exocytosis of BDNF and SVs was monitored at DIV15 by time-lapse TIRF imaging of BDNF-pHluorin and SyP-pHluorin, respectively. (D) Sample traces
reflecting fusion in different sites of the same neuron during direct depolarization with KCl (50 mM). Green box marks the time course of intracellular calcium rise,
as determined in identical experimental settings in neurons expressing GCaMP3. (E) Latencies of isolated fusion events are plotted as ratios to averaged latency
per cell (n = 4, 10 sites/neuron). See also Figure S2, Movies S1, S2, S3, and S4, and Supplemental Experimental Procedures.While secretion of native neurotrophins is notoriously difficult to
detect in real time, it is generally agreed that BDNF is trans-
ported by secretogranin2-positive vesicles that undergo exocy-
tosis upon synaptic excitation and calcium influx (de Wit et al.,
2009; Dean et al., 2012; Dieni et al., 2012; Kolarow et al., 2007;
Matsuda et al., 2009; Sadakata et al., 2012, 2013). Structurally,
the axonal pool of these organelles resembles DCVs, whereas
dendritic vesicles do not have characteristic dense cores (Dieni
et al., 2012; Miyazaki et al., 2011). Unlike SVs and chromaffin
DCVs whose exocytosis is triggered by calcium binding to
synaptotagmins 1, 2, and 9 (Ferna´ndez-Chaco´n et al., 2001;
Geppert et al., 1994; Maximov and Su¨dhof, 2005; Sørensen
et al., 2003a; Xu et al., 2007), BDNF vesicles are believed to
recruit calcium sensors CAPS and to be negatively regulated
by Syt4, a synaptotagmin isoform that lacks calcium-binding
activity in vertebrates (Dai et al., 2004; Dean et al., 2009; Sada-
kata et al., 2012). We found that, in spite of their remarkable dif-
ferences with SVs, BDNF vesicles employ Syb2 and SNAP25
for fusion in all subcellular domains of cortical neurons. Our
results imply that Syb2 and SNAP25 broadly regulate neuronal
secretion and offer an alternative interpretation of previously
described phenomena associated with disruption of these
SNAREs in the brain. Nevertheless, release of BDNF also is
controlled by SNAP47, a SNAP isoform that associates with
Syb2 and SNAP25 but does not contribute to exocytosis and
recycling of SVs. Cell-autonomous loss of SNAP47 impairs
the layer-specific branching of callosal axons of pyramidal
neurons in the somato-sensory cortex in vivo, suggesting
that differentiation of cortical axons depends on autocrine
BDNF/TrkB signaling rather than glutamatergic outputs onto
postsynaptic targets.CRESULTS
Spatial and Temporal Dynamics of BDNF Exocytosis
To investigate themolecular mechanisms of BDNF secretion, we
infected cortical neurons in primary cultures with a lentivirus
encoding BDNF-pHluorin, a reporter comprised of full-length
(pro) BDNF and a pH-sensitive form of GFP (Matsuda et al.,
2009). The rationale for this approach and various controls
that validate the appropriate post-translational modification,
trafficking, and biological activity of BDNF fusion proteins are
described in the accompanying Supplemental Experimental
Procedures. Confirming earlier studies (Dean et al., 2012; Mat-
suda et al., 2009; Miyazaki et al., 2011), immunofluorescence
and live time-lapse imaging showed that BDNF vesicles were
scattered in processes of mature neurons; contained another
secreted peptide, secretogranin2; and were largely segregated
from SVs. Unlike SVs, these organelles were not anchored at
synapses, and they underwent bi-directional transport in axonal
and dendritic shafts (Figure 1A; Figure S1).
We then monitored the release of BDNF-pHluorin in live neu-
rons using total internal reflection fluorescent (TIRF) time-lapse
microscopy. Under these conditions, the reporter is barely
detectable in intracellular vesicles due to their low lumenal pH.
During exocytosis, de-acidification leads to a rapid increase in
fluorescence followed by a decay due to diffusion of cargo into
the extracellular medium (Figure 1B). As shown previously
(Balkowiec and Katz, 2000; Matsuda et al., 2009), secretion of
BDNF could be reliably induced by direct membrane depolari-
zation with KCl, high-frequency bursts of action potentials
triggered by electrical stimulation, or pharmacological aug-
mentation of network activity with the GABA receptor blockerell Reports 11, 1054–1066, May 19, 2015 ª2015 The Authors 1055
Figure 2. Analysis of BDNF Release in Neurons Carrying TeNT
(A and B) Measurements of pro (P) and mature (M) BDNF levels in cultured neurons that uniformly expressed BDNF-pHluorin alone (Control) or with TeNT.
Quantitative immunoblotting was performed with an antibody to BDNF that recognizes all native and recombinant forms. bTubulin was used as a loading
standard. Representative blots and averaged values from three experiments are shown.
(C) Subcellular fractions of mouse forebrains were isolated by differential centrifugation and probed by immunoblotting for native BDNF. PNS, post-nuclear
supernatant.
(legend continued on next page)
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picrotoxin (PTX) (Figures S2A–S2D; Movie S1). To assess the
efficacy of exocytosis, we measured three parameters: (1) num-
ber of isolated fusion events that occurred during fixed time
intervals (EN) (we confirmed that these events reflected release
by applying a membrane-impermeable hydrophilic quencher,
bromophenol blue [Harata et al., 2006]); (2) number of internal
vesicles (intracellular pool [IP]) in which BDNF-pHluorin could
be detected following artificial de-acidification of lumens with
ammonium chloride; and (3) probability of fusion (Pf) = EN/IP
ratio. This value was calculated to account for variability in the
integrated area of plasma membrane and/or density of available
vesicles across independent imaging sessions (Figure 1C; Fig-
ures S2E and S2F). EN and Pf were diminished when stimulation
was performed in the absence of extracellular calcium or in the
presence of inhibitors of calcium channels known to be required
for the secretion of native BDNF (Balkowiec and Katz, 2000;
Figure S2G).
SVs are clustered at presynaptic terminals where they form
readily releasable pools (RRPs) adjacent to active zones. These
pools are primed by SNARE complex assembly for rapid syn-
chronous exocytosis in response to action potential-dependent
calcium influx (Su¨dhof, 2013). By contrast, side-by-side compar-
ison of neurons carrying BDNF-pHluorin or a reporter of SVs,
synaptophysin (SyP)-pHluotrin (Peng et al., 2012), indicated
that secretion of BDNF is asynchronous (Figures 1D and 1E).
The kinetics of BDNF release also drastically differed from
transferrin receptor-positive recycling endosomes (Figures
S2H–S2J). Moreover, only a fraction of BDNF vesicles fused at
synapses regardless of stimulation type, as evidenced by simul-
taneous TIRF imaging of BDNF-pHluorin and genetically en-
coded pre- and postsynaptic markers, tdTomato-SV2A and
EBFP2-Homer1c (Figures S2K–S2N). These results indicate
that no primed vesicle pools exist that supply a synaptic or extra
synaptic RRP equivalent to BDNF in cortical neurons.
Secretion of BDNF Is Directly Controlled by
TeNT-Sensitive SNAREs
To explore the possibility that release of neurotransmitters and
BDNF is driven by distinct SNARE complexes, we first evaluated
the effects of TeNT, a protease that potently blocks the fusion of
SVs by cleaving the vesicular SNARE, Syb2 (Schoch et al., 2001;(D) Quantitative immunoblot measurements of mature BDNF levels in membran
littermates carrying TeNT in glutamatergic neurons (CamKIIa:Cre/R26floxstopTeNT)
by TeNT, which makes Syb2 undetectable with antibodies.
(E and F) TIRF microscopy analysis of vesicle exocytosis in DIV15 cultured neuro
colored differential interference contrast (DIC) images with superimposed maps
with KCl (2min). Red puncta are intracellular reporter-positive vesicles visualized b
a 2-min window of stimulation in entire fields of view), IP, and Pf (n = 9/group).
(G–L) Cell-autonomous effects of TeNT on BDNF release. Neuronswere sparsely i
and mCherry alone or together with TeNT. These cells received synaptic inputs fr
shown. Cultures were stained for MAP2. Asterisks label somas of reporter-negati
co-expressing TeNT, mCherry, and GCaMP3, either globally or sparsely, as d
microscopy at DIV15. (J) DIC and mCherry images show mapped regions of som
2-min depolarizationwith KCl. Superimposed traces of BDNF-pHluorin fluorescen
exocytosis in each site. (K) Averaged EN in different subcellular compartments of in
window of transient excitation. (L) Mean Pf of evoked fusion in somas, dendrites
Quantifications are represented as mean ± SEM; n corresponds to numbers of tr
(Student’s t test).
CYamasaki et al., 1994). Although the extracellular application of
recombinant TeNT polypeptide previously has been shown to
interfere with the release of BDNF in hippocampal cultures (Mat-
suda et al., 2009), it is unclear if this effect was direct. Indeed,
TeNT-dependent loss of glutamatergic neurotransmission (Ker-
schensteiner et al., 2009; Pieraut et al., 2014; Yu et al., 2004;
Zhang et al., 2008) may ultimately prevent the secretion of cargo
from other membrane organelles whose exocytosis is coupled
with synaptic excitation (Balkowiec and Katz, 2002; de Wit
et al., 2009; Dean et al., 2012). We therefore investigated the
effects of genetically encoded TeNT that was expressed under
the control of the synapsin promoter, either globally or in a
cell-autonomous manner, in only a small fraction of synaptically
connected neurons. Similar approaches were used for all sub-
sequent analyses of individual SNAREs described below.
Quantitative immunoblotting showed a strong increase in the
levels of native BDNF and BDNF-pHluorin in cultured neurons
that were uniformly infected with the TeNT lentivirus (Figures
2A and 2B). We also detected an accumulation of endogenous
BDNF in membrane fractions isolated from the cortices of condi-
tional mouse mutants that harbored TeNT in glutamatergic neu-
rons in the postnatal forebrain (Pieraut et al., 2014; Figures 2C
and 2D). TIRF microscopy revealed that TeNT prevented the
release of BDNF-pHluorin from cultured neurons resulting in its
intra-vesicular retention during stimulation with KCl (Figures 2E
and 2F). Conventional imaging of the entire vesicle pool sug-
gested that TeNT interferes with exocytosis rather than transport
from the ER to the Golgi, budding from the Golgi, and endosomal
trafficking (Figures S3A–S3C).
Because release of BDNF is regulated by synaptic network
activity, we next tested if TeNT-sensitive SNAREs promote
the secretion in a cell-autonomous manner. To accomplish
this task, BDNF-pHluorin, TeNT, and a red tracer (mCherry)
were sparsely co-expressed in 5% of cortical neurons in
culture (Figures 2G and 2H; Figure S3D–S3F). Infected neurons
received intact glutamatergic inputs from surrounding wild-type
cells, as demonstrated by GCaMP-based imaging of calcium
signals elicited by the application of PTX (Figure 2I; Figures
S3G and S3H). These experimental settings allowed us to
bypass the effects of the protease on exocytosis of SVs and
to monitor the fusion of BDNF vesicles in distinct subcellulare fractions prepared from cortices of wild-type P15 mice (Control) and their
(n = 5 mice/genotype). The reduction of Syb2 band intensity is due to cleavage
ns that globally expressed BDNF-pHluorin without or with TeNT. (E) Pseudo-
of all sites where vesicle fusion was detected during transient depolarization
y perfusing 50mMNH4Cl following stimulation. (F) Averaged EN (calculated for
nfected (5%of the total population) with lentiviruses encoding BDNF-pHluorin
om wild-type neurons, as depicted in (G). (H) An example of infection pattern is
ve cells. (I) PTX-induced (100 mM) calcium signals were recorded from neurons
escribed above. (J–L) Exocytosis of BDNF vesicles was monitored by TIRF
ato-dendritic and axonal domains where vesicle fusion was observed during
ce sampled in time-lapsemode (inserts, arrowsmark times of excitation) reflect
dividual neurons, plotted as a function of time (10-s bin). Green boxesmark the
, and axons (n = 7–8/group).
ials performed with at least three independent culture preparations; *p < 0.001
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domains of single neurons (Movies S2 and S3). TeNT abolished
secretion in this case as well, even when cultures were
depolarized continuously. Remarkably, quantifications of EN
and Pf demonstrated that exocytosis was uniformly and
nearly completely blocked in cell bodies, dendrites, and axons
(Figures 2J–2L).
Exocytosis of BDNF Is Driven by the Vesicular
SNARE Syb2
At least nine genes encoding vesicular SNAREs are expressed in
the mammalian brain, including seven different Syb/VAMPs,
YKT6, and Sec22b (Figure 3A, based on Allen Brain Atlas
database). We systematically examined the sensitivity of these
SNAREs to TeNT by immunoblotting following the overexpres-
sion of cDNAs in HEK293 cells. Confirming earlier experiments
with Sybs/VAMPs 1–3 (McMahon et al., 1993; Yamasaki et al.,
1994), these proteins were cleaved in the presence of the prote-
ase whereas the remaining isoforms were resistant (Figure 3B).
We then designed small hairpin RNAs (shRNAs) that disrupt
the expression of native TeNT-sensitive Syb/VAMPs, and we
studied the outcomes of knockdowns (KDs) on neuronal secre-
tion of BDNF using a combination of biochemical and TIRF
imaging readouts. We initially introduced pairs of lentiviruses
driving hairpins under the control of H1 promoter to target two
non-overlapping coding regions of each Syb/VAMP transcript.
Single shRNAs from a mix that produces a phenotype were
then tested in isolation or co-expressed with the rescue
shRNA-resistant cDNA from a dual H1/Synapsin-promoter
lentivirus vector (Figure S4A; Table S1). The potencies and
specificities of these hairpins were confirmed by immunohisto-
chemistry and immunoblotting with relevant antibodies (Figures
S4D–S4F; data not shown).
Loss of Syb2 alone fully recapitulated the effects of TeNT.
KD of this SNARE in all neurons in culture resulted in an accumu-
lation of mature BDNF forms and inhibited the depolarization-
dependent exocytosis of BDNF-pHluorin without altering the
subcellular localization of intracellular vesicles. In contrast, KDs
of two other TeNT substrates, Syb1 and Syb3, failed to signifi-
cantly affect the BDNF levels, EN, and Pf (Figures 3C–3F; Figures
S3C, S4B, and S4C). TIRF imaging of BDNF-pHlorin in sparsely
infected cultures demonstrated that, similar to TeNT, KD of Syb2
blocks the exocytosis in a cell-autonomous manner and in all
subcellular domains. Single mCherry-tagged neurons carrying
a Syb2-directed shRNA had a strong reduction of both the fre-
quency of evoked fusion events and Pf across somas, dendrites,
and axons, despite receiving excitatory inputs from wild-type
cells. These defects were rescued by the Syb2 cDNA containing
silent mutations in the shRNA target site, hence ruling out off-
target artifacts (Figures 3G–3I; Figure S4G). Also, native Syb2
could be detected in a significant fraction of BDNF vesicles by
immunofluorescence microscopy, indicating that these organ-
elles recruit Syb2 (Figures S4H–S4J).
Secretion of BDNF Is Regulated by Two
Membrane SNAPs
Our results imply that Syb2 directly promotes the release of
BDNF independently of its presynaptic function and, surpris-
ingly, does so in axons, dendrites, and somas. To test if this pre-1058 Cell Reports 11, 1054–1066, May 19, 2015 ª2015 The Authorsviously unappreciated function of Syb2 involves interactions
with unique vesicle-specific effectors on the plasma membrane,
we focused on members of the membrane SNAP protein family
with abundant expression in the brain, SNAPs 23, 25, 29, and
47 (Figure 4A; based on Allen Brain Atlas database; Holt et al.,
2006; Johansson et al., 2008; Su et al., 2001; Suh et al., 2010).
Imaging of cortical cultures that broadly expressed SNAP-spe-
cific hairpins demonstrated that exocytosis of BDNF-pHluorin
was suppressed after the ablation of SNAP25 and SNAP47
(Figures 4B–4D). However, only KD of SNAP25 resulted in an
accumulation of bulk intracellular BDNF under these conditions,
indirectly suggesting that SNAP47 has a modulatory and/or
spatially restricted function (Figures S5A and S5B).
Previous in vitro studies have shown that SNAP47 is unable to
fully substitute for SNAP25 in fusion of liposomes driven by
SNARE complexes containing Syb2 and Syntaxin1 (Holt et al.,
2006). SNAP47 also has been implicated in hippocampal long-
term potentiation (LTP) (Jurado et al., 2013), yet its role in secre-
tion has remained unclear. The involvement of SNAP47 in exocy-
tosis of BDNF vesicles is intriguing, since induction of Hebbian
plasticity critically depends on BDNF signaling (Kang and Schu-
man, 1995; Park and Poo, 2013; Patterson et al., 1996). To gain
more insight into functions of two SNAP isoforms in BDNF
trafficking, we examined the cell-autonomous outcomes of their
KDs on exocytosis of BDNF-pHluorin in single sparsely infected
neurons. KD of SNAP25 uniformly abolished the depolarization-
induced release in all subcellular domains. On the contrary,
SNAP47-deficient cells only exhibited a prominent loss of exocy-
tosis in axons, albeit we also detected a shift in kinetics of vesicle
fusion across their entire surface (Figures 4E–4J; Figure S6).
Consistent with these notions, both SNAP isoforms were dis-
tributed throughout neuronal processes (Figures S5F–S5H).
The phenotypes associated with each KD could be reversed
by corresponding shRNA-insensitive cDNAs (Figures 4E–4J;
Figures S5A–S5E and S6). Neither KD altered the distribution
of internal BDNF vesicles, making it unlikely that secretion was
disrupted due to abnormal intracellular trafficking (Figure S3C).
To test whether SNAP47 and SNAP25 interact with each other,
we immunoprecipitated these SNAREs with isoform-specific
antibodies from mouse brain extracts. Immunoblotting showed
that SNAP47 and SNAP25 are abundant in complexes that
contain Syb2 and syntaxin1 (Figure 4K).
To mimic activity-dependent secretion using a more physio-
logically relevant paradigm, we also induced exocytosis with
bursts of action potentials. Cortical cultures were sparsely in-
fected with BDNF-pHluorin and mCherry, and axonal secretion
was monitored before, during, and after 30-s stimulus trains
that were triggered at various frequencies by brief injection of
current through an extracellular electrode. Fusion events
were detectable, yet, relatively rare at 10 Hz, whereas 100-Hz
trains elicited robust responses. Nevertheless, TeNT or KD
of SNAP47 potently suppressed EN and Pf at both frequencies
(Figures 5A–5D).
SNAP47-Deficient Neurons Have Normal Exocytosis
and Recycling of SVs
Our experiments reveal largely promiscuous roles of Syb2 and
SNAP25 in membrane fusion and identify SNAP47 as a critical
Figure 3. Syb2 Drives the Exocytosis of BDNF Vesicles in Axons and Dendrites Independently from Its Presynaptic Function
(A) Domain structures of vesicular SNAREs.
(B) Biochemical assessment of SNARE sensitivity to TeNT. Homogenates of HEK293 cells expressing different GFP-tagged SNAREs alone or together with TeNT
were probed by immunoblotting for GFP. Dashed line indicates splicing of two different gels.
(C–F) Cortical cultures were broadly co-infected at DIV5 with lentiviruses expressing BDNF-pHluorin and two shRNAs that target non-overlapping sequences of
specific TeNT-sensitive Syb/VAMPs (KD). All experiments were performed at DIV15. (C) Immunoblot analysis of pro- (P) and mature (M) BDNF levels was
performed using antibodies to BDNF and bTubulin, as a loading standard (n = 6 control and Syb/VAMP-deficient cultures, examined in duplicates). Quantifi-
cations are shown in Figure S4B. (D) TIRF traces represent all events of depolarization-induced vesicle fusion detected in isolated sites of control and Syb1–3-
deficient neurons. Arrowsmark times of excitation. (E) Averaged EN, plotted as a function of time. Green boxmarks thewindow of transient excitation. (F) Mean Pf
across the cell bodies and processes is shown. Control, n = 7; Syb1 KD, n = 6; Syb2 KD, n = 7; Syb3 KD, n = 7; *p < 0.05 (ANOVA).
(G–I) Syb2 directly mediates BDNF release in all subcellular domains. Exocytosis was monitored by TIRF microscopy in somas, dendrites, and axons of isolated
neurons in DIV15 cultures that were sparsely co-infected with viruses encoding BDNF-pHluorin, mCherry, and Syb2 shRNA without or with shRNA-resistant
rescue cDNA. (G) DIC and mCherry images show mapped regions of somato-dendritic and axonal domains where fusion was observed during transient de-
polarization. Superimposed traces of BDNF-pHluorin fluorescence reflect exocytosis in each site. (H) Averaged EN in different subcellular compartments, plotted
as a function of time. (I) Mean Pf in somas, dendrites, and axons (n = 11–14/group). *p < 0.01 (ANOVA). See also Figure S4.
Data are plotted as mean ± SEM.regulator of vesicular release. To test if SNAP47 is necessary for
exocytosis of SVs, we examined synapses of mature neurons in
culture by confocal microscopy and electrophysiology. Uniform
expression of TeNT or KD of Syb2, SNAP25, or SNAP47 did not
disrupt the formation of glutamatergic and GABAergic terminals,Cconsistent with previous notions that vesicular exocytosis is not
necessary for gross synaptic differentiation in vitro (Harms and
Craig, 2005; Schoch et al., 2001; Figure S7; data not shown).
We then performed whole-cell recordings to evaluate the
properties of different synapse types. As expected, TeNT andell Reports 11, 1054–1066, May 19, 2015 ª2015 The Authors 1059
Figure 4. Exocytosis of BDNF Vesicles Is Controlled by Two Different SNAPs
(A) Domain structures of vertebrate SNAREs of the SNAP family.
(B–D) Outcomes of global ablation of SNAPs on BDNF release. Cortical cultures were co-infected at DIV5 with viruses expressing BDNF-pHluorin and
two shRNAs that target non-overlapping sequences of specific SNAP isoforms (KD). Exocytosis was monitored at DIV15 by TIRF imaging. (B) Sample traces
reflect all fusion evens in control and SNAP-deficient neurons. Arrows mark times of depolarization with KCl. (C) Averaged EN, plotted as a function of time. (D)
Mean Pf across neuronal somas and processes. Control, n = 10; SNAP23 KD, n = 8; SNAP25 KD, n = 8; SNAP29 KD, n = 7; SNAP47 KD, n = 8; *p < 0.01 and < 0.05
for SNAP25 and SNAP47, respectively (ANOVA).
(E–J) Cell-autonomous effects of SNAP ablation on BDNF release. Exocytosis was monitored by TIRF microscopy in isolated neurons in DIV15 cultures that were
sparsely co-infected with viruses encoding BDNF-pHluorin, mCherry, and shRNAs against indicated SNAPs without or with corresponding rescue cDNAs.
(legend continued on next page)
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Figure 5. SNAP47 Promotes the Exocytosis of BDNF but Not Neurotransmitter Vesicles
(A–D) Frequency dependence of BDNF release in isolated wild-type and SNARE-deficient neurons. Cultures were sparsely infected with BDNF-pHluorin and
mCherry lentiviruses alone or together with TeNT or shRNA against SNAP47 (KD). TIRF imaging was performed at DIV15. Exocytosis was elicited by electrical
stimulation at 10 and 100 Hz (1 ms/10V/pulse) and monitored in mCherry-tagged axons. Each stimulus train was applied for 30 s. (A and B) Averaged EN and Pf.
Colored boxes mark the times of action potential trains. Pf values are shown without normalization or as a fraction of control. Control, n = 14; TeNT, n = 10;
*p < 0.001 (Student’s t test). (C and D) EN and Pf were measured in control and SNAP47-deficient neurons and represented as described above. EN: Control,
n = 14, this group is the same as for TeNT experiments; SNAP47 KD, n = 16. Pf: Control, n = 16; SNAP47 KD, n = 19. *p < 0.001 (ANOVA).
(E–L) Exocytosis of SVs in neurons carrying TeNT or shRNA against SNAP47. Cortical cultures were uniformly infected with corresponding lentiviruses.
The eEPSCs and eIPSCs were sampled at DIV15 in whole-cell voltage clampmode. The eEPSCs and eIPSCs were triggered by single-action potentials or 10-Hz
stimulus trains, and were pharmacologically isolated by the addition of GABA or AMPA/NMDA receptor blockers. (E and F) Samples of individual eEPSCs
(E) (scale bars apply to all traces and arrows mark times of action potentials) and averaged eEPSC amplitudes (F). Control, n = 13; TeNT, n = 11; SNAP47 KD,
n = 13. *p < 0.001 (ANOVA). (G and H) Samples of single eIPSCs (G) and averaged eIPSC amplitudes (H). Control, n = 19; TeNT, n = 3; SNAP47 KD, n = 14.
*p < 0.001 (ANOVA). (I–L) Short-term plasticity of excitatory and inhibitory synapses in wild-type and SNAP47-deficient neurons. (I and K) Onsets of aligned
EPSCs (I) and IPSCs (K) that were elicited by 10-Hz trains of ten action potentials (arrows). (J and L) (Top) Averaged profiles of synchronous EPSC (J) and IPSC (L)
depression during repetitive stimulation are presented as ratios of PSC amplitudes. (Bottom) Averaged profiles of EPSC (J) and IPSC (L) de-synchronization are
plotted as ratios to times to peak (TTP). EPSCs: Control, n = 12; SNAP47 KD, n = 8. IPSCs: Control, n = 16; SNAP47 KD, n = 12.
Data are plotted as mean ± SEM. See also Figure S7 and Table S2.hairpins against Syb2 and SNAP25 diminished the amplitudes of
evoked excitatory and inhibitory postsynaptic currents (eEPSCs
and eIPSCs, respectively) and the rates of spontaneous SV
fusion alike. However, synaptic strength was unaltered in neu-
rons lacking SNAP47, despite their defects in exocytosis of
BDNF (Figures 5E–5H; Table S2). In addition, wild-type andAligned DIC and mCherry images showmapped sites of depolarization-induced f
and Pf (n = 9–11/group). (E–G) Examples of exocytosis, averaged EN, and Pf in dif
shown. *p < 0.01 (ANOVA). (H–J) Examples of exocytosis, mean EN, and Pf in SNA
isoforms. Quantifications are represented as mean ± SEM. See also Figures S5
(K) Solubilized proteins were co-immunoprecipitated (IP) from mouse forebrain ex
(bottom). Attached complexes were examined by immunoblotting with antibodies
applied to each lane.
CSNAP47-deficient neurons had indistinguishable profiles of
PSC depression and de-synchronization during action potential
trains as well as kinetics of quantal AMPA- and GABA-type cur-
rents (Figures 5I–5L; Table S2; data not shown). Hence, unlike
Syb2 and SNAP25, SNAP47 appears to be unnecessary for SV
exocytosis and recycling.usion, actual events of exocytosis in each site, EN plotted as a function of time,
ferent subcellular compartments of control and SNAP25-deficient neurons are
P47-deficient neurons. *p < 0.05 (ANOVA). Control groups apply to both SNAP
and S6.
tracts with control antibody (Ig) or antibodies against SNAP25 (top) or SNAP47
to SNAP25, SNAP47, Syb2, and Syntaxin1. Equal amounts of total protein were
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Figure 6. Analysis of BDNF Release in Differ-
entiating Axons
Cultured cortical neurons were sparsely co-in-
fected at DIV0 with BDNF-pHluorin and mCherry
lentiviruses alone (Control) or together with viruses
encoding TeNT or shRNA against SNAP47 (without
or with rescue cDNA). Axonal exocytosis was
monitored by TIRF microscopy at DIV6.
(A) Typical low-magnification image shows axons
of a neuron tagged with mCherry.
(B) Examples of BDNF-pHluorin fluorescence in a
distal fragment of an axon under the normal con-
ditions (Basal) during depolarization with KCl and
after vesicle de-acidification with NH4Cl.
(C) Averaged EN in axons of mature (DIV15) and
differentiating (DIV6) wild-type neurons were
normalized to axon length and plotted as a function
of time. DIV6, n = 10; DIV15, n = 7.
(D) DIC and mCherry images showmapped sites of
depolarization-induced fusion and actual BDNF-
pHluorin responses detected in each site of control,
SNAP47-deficient, and TeNT-expressing neurons.
(E–H) Averaged EN and Pf. *p < 0.02 (ANOVA).
Note that, in this case, rescue is significant but
incomplete, perhaps due to the short time course of
cDNA overexpression.
See also Figures S8A and S8B.SNAP47 Is Essential for Axon Differentiation In Vitro and
In Vivo
Targeted disruption of vesicular release in animal brains is
becoming increasingly popular for studies of the role of neuronal
activity in regulation of connectivity. For instance, several labora-
tories have shown that inducible expression of genetically en-
coded TeNT interferes with wiring of olfactory sensory neurons,
photoreceptors, pyramidal neurons, and inhibitory GABAergic
interneurons in the cerebral cortex and hippocampus (Kerschen-
steiner et al., 2009; Pieraut et al., 2014; Wang et al., 2007; Yu
et al., 2004). While these phenomena are widely believed to
reflect the instructive role of excitatory synaptic outputs, the
involvement of BDNF or other secreted peptides cannot be ruled
out. Indeed, BDNF is known to be necessary for axon growth and
branching (Cao et al., 2007; Cheng et al., 2011; Marshak et al.,
2007; Park and Poo, 2013), and we found that, by cleaving
Syb2, TeNT directly blocks the release of fast neurotransmitters
and BDNF. Notably, Syb2, SNAP25, and SNAP47 are expressed
in the developing brain prior to the onset of synaptogenesis, with
SNAP47 turning on as early as embryonic day 10 (Holt et al.,
2006). We therefore monitored secretion of BDNF in axons of
differentiating SNAP47-deficient cortical neurons, andwe exam-
ined axonmorphologies in culture and in the mouse brain in vivo.
As demonstrated above, this strategy enabled us to interfere
with axonal exocytosis of BDNF without affecting SVs. We
initially imaged BDNF-pHluorin in isolated mCherry-tagged neu-
rons in dissociated cultures. These cells were sparsely infected
with viruses immediately after plating and analyzed 6 days later,
when a marker of presynaptic boutons, synapsin1, remained
diffusely distributed in axons. Immunostaining confirmed that1062 Cell Reports 11, 1054–1066, May 19, 2015 ª2015 The Authorsendogenous SNAP47 and other SNAREs were present in axons
at this stage (Figures S8A and S8B). Differentiating neurons dis-
played robust exocytosis of BDNF-pHluorin during membrane
depolarization (Figures 6A–6C; Movie S4). Secretion was
blocked by TeNT or KD of SNAP47, but was restored in the pres-
ence of rescue SNAP47 cDNA (Figures 6D–6H).
To determine how axonal exocytosis of BDNF impacts axon
differentiation, a mix of two plasmids encoding a monomeric
form of Venus and shRNA directed against SNAP47was unilater-
ally introduced into the somatosensory cortex of E15.5 mouse
embryos via electroporation (Courchet et al., 2013). This method
allows for selective targeting of callosally projecting pyramidal
neurons that populate the superficial layers 2/3. As the first
step, the outcomes of SNAP47 KD in layer 2/3 neurons on their
axon morphologies were assessed in cultures prepared from
the cortices of electroporated embryos. SNAP47-deficient neu-
rons (1% of the entire pool, as determined by mVenus imaging,
data not shown) had a slightly increased total axon length,
but exhibited a significant reduction in the number of terminal
branches. The branching defect could be reversed with shRNA-
resistant SNAP47 cDNA or by continuous incubation with recom-
binant BDNF added in the culture medium (Figures 7A and 7B).
We then investigated the SNAP47 function in vivo, by imaging
coronal cortical sections from mice that were electroporated at
E15.5 and sacrificed at postnatal day 21 (P21). At P21, axons
establish adult-like patterns of innervation in layers 2/3 and 5,
both ipsi- and contralaterally (Courchet et al., 2013). On the
contralateral side, the genetic manipulation was axon specific
since neurons projected into the normal environment. Immuno-
labeling of sections isolated from wild-type animals showed
Figure 7. SNAP47 Is Essential for BDNF-Dependent Axon Branching In Vitro and In Vivo
(A and B) Cortices of E15.5 mouse embryos were electroporated ex vivo with the pSCV2-mVenus plasmid together with control shuttle vector or vectors driving the
expression of SNAP47 shRNA alone or with rescue cDNA. Morphologies of differentiatingmVenus-positive axons were then examined in primary cultures prepared
from these mice. Axon identities were confirmed by immunostaining for SMI312 and MAP2 (not shown). (A) Typical images of DIV5 neurons carrying indicated
constructs. Cultures weremaintained in the normalmedium orwith the addition of recombinant BDNF (50 ng/ml, applied at DIV1). Arrowsmark each axonal branch.
(Bottom) Enlarged fragments of axons. (B) Quantifications show total axon length and branch numbers. Data from three independent cultures were normalized to
control in each case. Control, n = 62 axons; SNAP47 KD, n = 74; SNAP47 KD + Rescue, n = 51; SNAP47 KD + BDNF, n = 14. *p < 0.05 (ANOVA).
(C and D) E15.5 embryos were in utero electroporated into one cortical hemisphere with mVenus tracer together with control shuttle vector or vectors encoding
indicated shRNAs. Axon branching was examined by imaging of brain slices at P21. (C) (Top) Low-magnification images of coronal brain sections. mVenus signal
is shown in black. Electroporated (ipsilateral) sides are on the left. Blue arrows mark corpus callosum. Red arrows point to contralateral branching. (Bottom)
Confocal images of contralateral sides of cortical sections stained for mVenus, a layer-specific marker (Cux1), and a nuclear marker (Hoechst). (D) Average
surface areas of mVenus fluorescence in layers 2/3 and 5 of contralateral cortex. Control, n = 11mice; SNAP47 KD, n = 8mice; SNAP47 KD + Rescue, n = 5mice;
BDNF KD, n = 3 mice; TrkB KD, n = 8 mice. *p < 0.001 (ANOVA).
Data are plotted as mean ± SEM. See also Figure S8.that native SNAP47was abundant in callosal axons (Figure S8C).
Axons of mVenus-positive SNAP47-deficient neurons formed,
grew, and successfully crossed the midline, but had a drastically
reduced terminal arborization in the contralateral layers 2/3.
Again, the defect of terminal branching was alleviated by co-
expression of SNAP47 shRNA with shRNA-insensitive cDNA
(Figures 7C and 7D). Nonetheless, KD of SNAP47 had no detect-
able effect on density of dendritic spines (Figures S8D and S8E),
indicating that disruption of connectivity was likely restricted to
axons. To ensure that these changes in callosal axon structure
are attributable to abnormal BDNF signaling, we performed in
utero electroporation with shRNAs against BDNF, or its receptor,CTrkB. The morphological defects of contralateral axons of
BDNF- and TrkB-deficient layer 2/3 neurons were similar to
SNAP47-deficient neurons, albeit KD of BDNF produced a
more robust effect with significant attenuation of branching in
layer 5 (Figures 7C and 7D; Figures S8F and S8G).
DISCUSSION
In summary, these studies elucidate the roles of SNAREs in ve-
sicular exocytosis, BDNF secretion, and neural circuit develop-
ment. A large body of work shows that Syb2 and SNAP25 are
essential for calcium-induced release of neurotransmitters andell Reports 11, 1054–1066, May 19, 2015 ª2015 The Authors 1063
monoamines in central neurons and chromaffin cells, respec-
tively (Sørensen et al., 2003b; Su¨dhof, 2013; Su¨dhof and Roth-
man, 2009). These SNAREs are thought to operate by priming
vesicles and catalyzing fusion at specific sites, such as the pre-
synaptic active zones. Remarkably, Syb2 and SNAP25 also
trigger the release of BDNF from organelles that traffic and
fuse with the plasma membrane across axons and dendrites,
and do not form discrete pools that are primed for rapid exocy-
tosis. By contrast, SNAP47 plays a more restricted role, perhaps
as a part of a unique SNARE complex. SNAP47 interacts with
SNAP25, promotes the exocytosis of BDNF in a cell-autono-
mous manner, but appears to be dispensable for synaptic
release from SVs. Thus, two distinct types of neuronal vesicles
share Syb2 and SNAP25, but their exocytosis is differentially
controlled through combinatorial use of SNAPs.
Experiments with mutant animals carrying TeNT have led to a
hypothesis that experience-driven refinement of connectivity is
guided by neurotransmission between two relaying neurons in
a given circuit (Okawa et al., 2014). Our findings challenge the
generality of this model and underscore an alternative pathway
that depends on autocrine BDNF/TrkB signaling. First, we
show unambiguously that, by cleaving Syb2, TeNT abolishes
the release of neurotransmitters and BDNF. We further demon-
strate that cell-autonomous ablation of SNAP47, which evidently
does not affect SVs, leads to defects in layer-specific branching
of callosal axons that are similar to those caused by KD of BDNF
or its receptor, TrkB, and those previously detected upon
expression of TeNT in pyramidal neurons in the same cortical
area (Wang et al., 2007). Neurotransmitters and peptides
may impact axon and synapse development by binding to
their receptors in spatially segregated micro-domains. Our
results favor the scenario that axonally released BDNF promotes
cortical axon branching via TrkB receptors localized on the same
axon (Cao et al., 2007; Cheng et al., 2011).
Peptidergic vesicles contain diffusible cues other than BDNF
(Lessmann et al., 2003), though their cargo may vary in different
neuron classes and developmental stages. Identification of
SNAREs essential for BDNF exocytosis will facilitate the further
understanding of mechanisms of peptide secretion and will
enable the design of new genetic tools to investigate the out-
comes of secretion on neural circuit structure and information
processing. In this regard, SNAP47 is a particularly attractive
molecule due to its selectivity and unusually large size with puta-
tive sequences that may mediate protein-protein interactions
(Holt et al., 2006). It would be of great interest to explore the
interplay between this SNARE and other known and yet uniden-
tified elements of membrane-trafficking machinery, including
calcium sensors (Sadakata et al., 2012; Su¨dhof, 2013) and scaf-
folds that may recruit organelles to release sites.
EXPERIMENTAL PROCEDURES
Neuronal Cultures
Cortices of P1 pups were dissociated by trypsin digestion; cells were plated
on circle glass coverslips (Harvard Apparatus) coated with poly-D-Lysine
(Sigma-Aldrich). Cultures were maintained for 4 days in MEM (Invitrogen)
supplemented with fetal bovine serum (FBS), B-27 (Invitrogen), glucose, trans-
ferrin, and Ara-C (Sigma) followed by incubation in the serum-free medium.
Neurons were seeded at 25,000–50,000 cells/cm2 for imaging and electro-1064 Cell Reports 11, 1054–1066, May 19, 2015 ª2015 The Authorsphysiological studies and at 150,000–175,000 cells/cm2 for immunoblotting.
In both preparations, the densities of astrocytes did not exceed 2%–3%, as
determined by immunostaining for GFAP.
Virus Infection
Recombinant lentiviruses were produced by co-transfection of HEK 293T cells
with corresponding shuttle vectors and pVSVg and pCMVD8.9 plasmids that
encode the elements essential for packaging viral particles. Transfections
were performed using the FuGENE reagent (Promega). Secreted viruses
were harvested 48 hr later and cleared by brief centrifugation. For uniform
expression of fluorescent reporters and shRNA/rescue constructs, cultures
were infected at 5 days in vitro (DIV5) with 100 ml viral supernatants per 1 ml
of medium. This protocol was optimized to achieve >95% infection efficiency.
For sparse infection, dissociated neurons were seeded onto Matrigel- (BD
Biosciences) coated 12-well plates and treated with viruses immediately after
plating. Then 24 hr after infections, cells were washed three times with PBS,
dissociated with trypsin, and mixed with non-infected neurons at a 1:20 ratio.
Immunocytochemistry
Neurons attached to the glass coverslips were rinsed once in PBS, fixed on
ice in 4% paraformaldehyde (PFA) and 4% sucrose in PBS, and permeabilized
for 5 min at room temperature in 0.2% Triton X-100 (Roche). Permeabilized
neurons were incubated for 30 min in blocking solution containing 5% BSA
(Sigma, fraction V) and 5% normal donkey serum, followed by an overnight
incubation with primary and corresponding fluorescently labeled secondary
antibodies diluted in the same solution. The coverslips were mounted on glass
slides with Aqua-Poly/Mount medium (Polysciences). Images were collected
under a Nikon C2 confocal microscope using 103 (numerical aperture [N.A.]
0.45), 203 (N.A. 0.75), and 603 (N.A. 1.40) PlanApo objectives. Digital images
were analyzed with the Nikon Elements software package. Digital manipula-
tions were equally applied to all pixels. Analyses of organelle co-localization
were performed with NIH ImageJ software.
Immunoprecipitations
Cortices of wild-type mice were homogenized in 20 mM HEPES-NaOH
(pH 7.4), 320 mM sucrose, 5 mg/ml leupeptin, 2 mg/ml aprotinin, and 1 mg/ml
pepstatin. Membrane fractions were isolated by two sequential steps of
centrifugation at 3,000 and 100,000 3 g and solubilized for 1 hr in 20 mM
HEPES-NaOH (pH 7.4), 150 mM NaCl, and 1% Triton X-100. Protein extracts
were cleared by centrifugation at 100,000 3 g and incubated overnight with
sepharose beads (Sigma) coated with anti-SNAP25, anti-SNAP47, or control
antibodies. Attached complexes were then washed five times with extraction
buffer, eluted from the beads with an SDS gel loading buffer, and used for
immunoblotting.
Electrophysiology
Evoked synaptic release was triggered by 1-ms current injections with a
local extracellular stimulating electrode (FHC). Postsynaptic currents were
monitored in whole-cell mode from randomly selected nearby neurons using
a Multiclamp 700B amplifier (Axon Instruments). The frequency, duration,
and magnitude of extracellular stimuli were controlled with Model 2100
Isolated Pulse Stimulator (A-M Systems). The whole-cell pipette solution
contained 135 mM CsCl2, 10 mM HEPES-NaOH (pH 7.4), 1 mM EGTA,
1 mM Na-ATP, 0.4 mM Na-GTP, and 1 mM QX-314. The resistance of filled
pipettes varied between 3 and 5 mOhm. The bath solution contained
140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 0.8 mM MgCl2, 10 mM HEPES-
NaOH (pH 7.4), and 10 mM glucose. EPSCs and IPSCs were separated phar-
macologically by the addition of picrotoxin (100 mM) or APV (50 mM) and CNQX
(10 mM), respectively, to the bath solution. Spontaneous EPSCs and IPSCs
were monitored under the same conditions but in the presence of tetrodotoxin
(1 mM). The currents were sampled at 10 kHz and analyzed offline using
pClamp10 (Axon Instruments) and Origin8 (Origin Lab) software.
Live Imaging
Conventional fluorescence and TIRF imaging was carried out under the Nikon
A1R inverted microscope controlled by the Nikon NIS-Elements software.
Images were acquired at 1 Hz with a 12-bit cooled EMCCD camera (Andor,
iXon) using 103 PlanApo (N.A. 0.45), 203 PlanApo (N.A. 0.75), 603 PlanApo
(N.A. 1.40), and 1003 PlanApo TIRF (N.A. 1.49) objectives. Neurons were
bathed in the custom-built chamber perfused at 3–4 ml/min with the NRS
solution containing 10 mM HEPES-NaOH (pH 7.4), 140 mM NaCl, 5 mM KCl,
0.8 mM MgCl2, 2 mM CaCl2, and 10 mM glucose. The temperature was
maintained at 37C with the lens and stage heaters. Direct depolarization
was induced by the application of NRS buffer in which 45 mM NaCl was
substituted with KCl. Action potentials were elicited with a pair of parallel
platinum electrodes connected to Model 2100 Isolated Pulse Stimulator
(A-M Systems). Toxins and inhibitors were diluted in the NRS. The IP
of BDNF-pHluorin-positive vesicles was measured after perfusion of de-acid-
ification buffer composed of 10 mM HEPES-NaOH (pH 7.4), 50 mM NH4Cl,
90 mM NaCl, 5 mM KCl, 0.8 mM MgCl2, 2 mM CaCl2, and 10 mM glucose.
Time-Lapse Image Data Analysis
Image stacks were aligned with TurboReg and analyzed with NIH ImageJ/Fiji
plugins. Sites of activity-dependent exocytosis (e.g., regions exhibiting a
rapid increase in BDNF-pHluorin or SyP-pHluorin fluorescence followed by a
characteristic decay) were manually mapped in frames of a fixed size by
assigning 0.8 3 0.8 mm regions of interest (ROI). Pf values were calculated
as ratios of total numbers of new ENs observed prior to or during excitation
to densities of internal reporter-positive vesicles that were automatically
counted with FindMaxima NIH ImageJ/Fiji plugin at the end of each trial
(following de-acidification with NH4Cl). Quantifications of exocytosis in
specific subcellular domains were performed in sparsely infected neurons
co-expressing BDNF-pHluorin and mCherry. A detailed description of TIRF
imaging is given in the Supplemental Experimental Procedures.
Statistical Analyses
Statistical analyses were performed with InStat, Prism (GraphPad), and
Origin8 (Origin Lab) software. Two groups of data were subjected to Student’s
t test and Mann-Whitney test. Multiple groups were compared by one-way
ANOVA followed by Dunnett’s post hoc test or Kruskal-Wallis test.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
eight figures, two tables, and four movies and can be found with this article
online at http://dx.doi.org/10.1016/j.celrep.2015.04.032.
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